Colorectal cancer (CRC) is the third most common tumor in the world; however, the role and mechanism of endoplasmic reticulum (ER) stress in CRC metastasis remains largely unclear. Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is a long non-coding RNA (lncRNA), which has previously been associated with CRC metastasis. It has been suggested that ER stress pathways regulate lncRNA expression; however, the effect of ER stress on MALAT1 expression in cancer is unknown. The present study aimed to investigate the relationship between ER stress pathways, MALAT1 expression and cell migration in CRC cells. ER stress was induced by thapsigargin (TG); low dose TG induced the migration of HT29 and HCT116 cells, but not SW1116 and SW620 cells. This effect was associated with increased expression levels of MALAT1, as the knockdown of MALAT1 prevented TG-induced cell migration. TG-induced MALAT1 expression was associated with inositol-requiring enzyme 1 (IRE1) expression and activation of the protein kinase R (PKR)-like ER kinase (PERK) signaling pathway. X-box-binding protein 1 (XBP1) and activating transcription factor 4 (ATF4) binding sites were predicted to be located in the MALAT1 gene promoter regions and the expression of MALAT1 was positively associated with XBP1 and ATF4 expression levels in CRC tissue samples. Thus, these findings indicated that ER stress may promote the migration of CRC cells and contribute to the progression of CRC through the activation of the IRE1/XBP1 and PERK/eIF2α/ATF4 signaling pathways. In conclusion, to the best of our knowledge, this study is the first report that lncRNA MALAT1 expression is regulated by the IRE1/XBP1 pathway in CRC.
Introduction
Colorectal cancer (CRC) is one of the most common cancers in world, ranking third overall in terms of incidence rates and second in terms of mortality rates, with >1.8 million new cases and 861,663 death cases reported worldwide in 2018 (1) . Both the incidence and mortality rates of CRC have increased in China in the past decade; in 2018, the latest epidemiological statistics of Globocan reported that the incidence and mortality rates of CRC were 23.7 and 10.9, respectively, per 100,000 (1) . Unfortunately, in the majority of patients, CRC is diagnosed at an advanced stage, following the metastasis to adjacent or distant organs (2) ; however, the mechanisms regulating metastasis in CRC remain largely unknown. Therefore, there is an urgent requirement to identify the molecular mechanisms of CRC metastasis to provide novel therapeutic targets for the treatment of the disease.
Endoplasmic reticulum (ER) stress is reportedly involved in CRC metastasis (3) . The ER has established unique signaling pathways to combat stress, which are collectively known as the unfolded protein response (UPR) (4); glucose regulated protein 78 (GRP78) initiates the UPR and it has been demonstrated to promote the resistance of CRC cells to oxaliplatin (5) . Depending on the status of GRP78, the ER transmembrane sensors, inositol-requiring enzyme 1 (IRE1), protein kinase RNA activated-like ER kinase (PERK) and activating transcription factor 6 (ATF6) are also involved in initiating signaling pathways involved in the UPR (4) . IRE1 catalyzes a unique splicing event that removes 26 nucleotides from X-box-binding protein 1 (XBP1) mRNA, and the activation of the IRE1/XBP1 pathway has been observed to induce CRC cell invasion (3); however, the mechanism underlying the IRE1/XBP1 pathway induction of CRC cell invasion is not fully elucidated. The phosphorylation of PERK activates the downstream signaling molecule, α-subunit of eukaryotic initiation factor-2 (eIF2α), which effectively inhibits protein synthesis (4) , and has been associated with the hypoxia-induced metastasis of cervical cancer (6) . Finally, the proteolytic processing of ATF6 activates the ATF6 pathway, and ATF6 activation was reported to be involved in pancreatic cancer stem cell migration (7) . However, the roles of the PERK/eIF2α and ATF6 pathway in CRC migration are unknown. In the present study, thapsigargin (TG) was used as an ER stress inducer to irreversibly inhibit the sarco/ER Ca 2+ ATPase and promote rapid ER Ca 2+ depletion (8) .
Long non-coding RNAs (lncRNAs) are non-coding transcripts of >200 nucleotides in length and certain lncRNAs serve important roles in CRC metastasis (9, 10) . Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), also known as nuclear enriched abundant transcript 2 or LINC00047, is a lncRNA (11) . MALAT1 is found to be overexpressed in colorectal cancer patients (12) and multiple studies have reported an association between MALAT1 expression and CRC metastasis (9, 13) . The first study demonstrating the UPR-induced regulation of lncRNA expression was in a study of the flavivirus infection, whereby MALAT1 expression was increased through the PERK pathway of the UPR (14) . However, the mechanisms underlying increased MALAT1 expression levels in CRC are not clear, in addition to whether the UPR pathway is involved in upregulating MALAT1 expression in CRC. It is hypothesized that the ER stress pathway regulates MALAT1 expression in CRC; thus, the present study aimed to identify the association between the ER stress pathway, MALAT1 expression and cell migration in CRC, in addition to elucidating the roles of ER stress in CRC development.
Materials and methods
Patient studies. The present study was approved by the Ethics Committee of The First Hospital of Hebei Medical University (no. 2016004). Written informed consent prior to the study was obtained from all patients (n=38; 18 males, 20 females; average age=61.5 years). Patients were informed that they could withdraw from study participation at any time. Thirty-eight CRC tissue samples were collected from the First Hospital of Hebei Medical University between October 2016 and March 2017. After surgical removal, tissues were immediately frozen in liquid nitrogen then immediately stored in a freezer at -80˚C. Patients had not received local or systemic treatment prior to the operation. The pathological diagnosis of all cancer tissue samples was adenocarcinoma and the clinicopathological features of patients are presented in Table I .
Reagents and plasmids. TG, a non-competitive inhibitor of the sarco/ER Ca 2+ ATPase that promotes rapid ER Ca 2+ depletion and the elevation of cytoplasmic Ca 2+ concentrations to induce ER stress (8) , was purchased from BioVision, Inc. The inhibitors, 4 µ8C (cat. no. S7272; IRE1/XBP1 pathway inhibitor, 1 µM), GSK2606414 (cat. no. S7307; PERK/eIF2α/ATF4 pathway inhibitor, 1 µM) and AEBSF (cat. no. S7378; ATF6 pathway inhibitor, 0.3 µM), were purchased from Selleck Chemicals; anti-GRP78 (product no. 3177), anti-eIF2α (product no. 5324) and anti-phospho-eIF2α (product no. 3398) primary antibodies were obtained from Cell Signaling Technology, Inc.;
anti-XBP1 (product code ab198999) and anti-ATF6 (product code ab122897) primary antibodies were purchased from Abcam; the anti-ATF4 primary antibody (WL02330) was purchased from Wanleibio Co., Ltd.; the anti-β-actin primary antibody (cat. no. 60008-1-Ig) was purchased from Wuhan Sanying Biotechnology (ProteinTech Group, Inc.); and secondary antibodies (anti-mouse IgG cat no. A23910; anti-rabbit IgG catalogue no: A23720) were purchased from Abbkine Scientific Co., Ltd. All primers and small interfering RNAs (siRNAs) were synthesized and purchased from Sangon Biotech Co., Ltd.
Cell culture and reagents. The human CRC cell line HCT116 was obtained from Professor Xiaofeng Sun at the Division of Oncology, Department of Clinical and Experimental Medicine, Linköping University, Sweden. SW620, SW1116 and HT29 cells were obtained from Professor Jun Yu at the Department of Medicine and Therapeutics, The Chinese University of Hong Kong, Hong Kong. HCT116 and HT29 cells were cultured in McCoy's 5A medium (Gibco; Thermo Fisher Scientific, Inc.), and SW620 and SW1116 cells were cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.), supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.). All cells were maintained in a humidified atmosphere at 37˚C and 5% CO 2 .
Cell Counting Kit-8 assay. Five thousands cells were seeded into 96-well plates and treated with TG (0-10 µM) for 24 h at 37˚C. Following incubation, 10 µl CCK-8 reagent (Dojindo Molecular Technologies, Inc.) was added to each well, according to the manufacturer's protocol. Following incubation for 2 h, the absorbance was determined using a Promega GloMax Luminescence detector, with each experiment performed in triplicate.
Reverse transcription-quantitative PCR (RT-qPCR).
Total RNA was extracted from frozen tissues (~50 µg) using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol, and subsequently resuspended in 50 µl nuclease-free water. A total of 1 µg RNA was reverse-transcribed into cDNA using the PrimeScript RT kit (Takara Bio Inc., RT temperature protocol: 37˚C for 15 min, 85˚C for 5 sec). qPCR was subsequently performed using the Power SYBR ® Green Master mix (Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol (step 1: 95˚C for 10 min; step 2 for 40 cycles: 95˚C for 15 sec, 60˚C for 1 min). The following primer pairs were used for the qPCR: MALAT1 forward, 5'-GTT ACT CTT TTT TCC CCC CAC CCCC-3' and reverse, 5'-TTC TCC CCC ACC CTC TCT CTT CCCT-3'; GRP78 forward, 5'-GCC TGT ATT TCT AGA CCT GCC-3' and reverse, 5'-TTC ATC TTG CCA GCC AGT TG-3'; XBP1 forward, 5'-AAT GAA GTG AGG CCAGTG G-3' and reverse, 5'-TCA ATA CCG CCA GAA TCC ATG-3'; ATF4 forward, 5'-CCT TCA CCT TCT TAC AAC CT-3' and reverse, 5'-GTA GTC TGG CTT CCT ATC TC-3'; and GAPDH forward, 5'-ACC CAC TCC TCC ACC TTT G-3' and reverse, 5'-CTC TTG TGC TCT TGC TGG G-3' (15) . The expression levels were normalized to the internal reference gene GAPDH and quantified using the 2 -ΔΔCq method (16) .
Migration assay. For migration assays, Transwell plates with 8-µm pores (BD Biosciences) were used. Briefly, a total of 2x10 5 cells were plated in the upper chambers of Transwell plates in serum-free medium (McCoy's 5A or DMEM medium, supplemented with 1% penicillin-streptomycin). Culture medium (McCoy's 5A or DMEM medium, supplemented with 10% FBS and 1% penicillin-streptomycin) was plated in the lower chambers. Following incubation at 37˚C for 24 h, the non-invasive cells remaining in the upper chamber of the Transwell plate were removed with a cotton swab. Migratory cells were stained with a Diff-Quick stain kit according to the manufacturer's protocol and counted using a light microscope (magnification, x100).
Western blotting. Following 24 h of 0.01 µM TG treatment, total protein was extracted from 10 6 cells using an SDS sample buffer [50 mM Tris-HCl, 2% SDS, 1% glycerol, 6% β-mercaptoethanol, 1% protease inhibitor cocktail (cat. no. HY-K0010; MCE)] and processed for western blotting analysis as previously described (17) . Briefly, 5-10 µg proteins (measured by BCA protein assay kit and detected by Promega Glomax Luminometer) were separated via 10% SDS-PAGE and separated proteins were transferred onto a PVDF membrane (EMD Millipore). The membrane was blocked (5% skim milk at 4˚C overnight) and probed (4˚C overnight) with the following primary antibodies: Anti-GRP78 (1:1,000), anti-eIF2α (1:1,000), anti-phospho-eIF2α (1:1,000), anti-XBP1 (1:350), anti-ATF6 (1:500), anti-ATF4 (1:500) and anti-β-actin (1:3,500). Following the primary antibody incubation, the membrane was washed with 1X TBST and incubated at room temperature with DyLight fluorescent dyes-conjugated secondary antibodies (1:2,500) for 1 h. Protein bands were visualized using the Odyssey CLx Imaging System (LI-COR Biosciences). ImageJ software (National Institutes of Health) was used for quantitative analysis.
Cell transfection. To confirm the effects of MALAT1 knockdown on migration, MALAT1 gene expression was knocked down using siRNA. Cells (5x10 5 ) were transfected with 50 nM siRNA-MALAT1 (si-MALAT1 forward, 5'-GGA AGU AAU UCA AGA UCA ATT-3' and reverse, 5'-UUG AUC UUG AAU UAC UUC CTT-3'; si-MALAT1-2 forward, 5'-GGG CUU CUC UUA ACA UUU AUU-3' and reverse, 5'-UAA AUG UUA AGA GAA GCC CUU-3'; or si-control forward, 5'-UUC UCC GAA CGU GUC ACG UTT-3' and reverse, 5'-ACG UGA CAC GUU CGG AGA ATT-3') using Effectene transfection reagent (Qiagen GmbH), according to the manufacturer's protocol. Following 24 h of transfection at 37˚C in an incubator, cells were treated with 0.01 µM TG for 24 h. si-MALAT1 was selected for use in future experiments.
Statistical and bioinformatics analysis. Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software, Inc.) and SPSS Statistics version 21 (IBM Corp.). All data are expressed as the mean ± SD. Statistical differences between groups were determined using two-way ANOVA and corrected for multiple comparisons using Sidak statistical hypothesis test ( Figs. 1, 3 , 4D and E, 5B-F and 6A), one-way ANOVA and corrected for multiple comparisons using Dunnett's statistical hypothesis test ( Fig. 4A and B) , Student's t-tests (Fig. 2) , and non-parametric Spearman's rank correlation coefficient (Fig. 7) . P<0.05 was considered to indicate a statistically significant difference. The binding site sequences were identified using bioinformatics analysis platform (the JASPAR 2018 database, http://jaspar.genereg.net/).
Results
Effect of TG on cell viability in the human CRC cell lines. The effect of TG (0-10 µM) treatment for 24 h on the cell viability of CRC lines was determined ( Fig. 1 TG-induced cell migration is associated with increased expression levels of MALAT1. Following TG treatment, Knockdown of MALAT1 reverses TG-induced cell migration. MALAT1 gene expression levels were knocked down using siRNA and rescue experiments of migration were subsequently performed to identify the role of MALAT1 in CRC. The expression levels of MALAT1 were significantly decreased by si-MALAT1 in HT29 [0.38±0.004 vs. 1±0.07 (si-control group); P=0.0001] and HCT116 [0.37±0.010 vs. 1±0.03 (si-control group); P<0.0001] cell lines ( Fig. 4A and B) . si-MALAT1-2 reduced MALAT1 expression levels in HCT116 cells [0.58±0.012 vs. 1±0.031 (si-control group); P<0.0001], but not in HT29 cells [1.17±0.003 vs. 1±0.072 (si-control group); P>0.05; Fig. 4A and B] . Thus, si-MALAT1 was selected as the siRNA to use for subsequent experiments. 
Effects of TG on the expression levels of UPR-associated molecules in human CRC cell lines.
To analyze the mechanism of TG-induced MALAT1 expression, the expression levels or activation of UPR-associated molecules (GRP78, XBP1s and XBP1u of the IRE1 signaling pathway, eIF2α, phospho-eIF2α, ATF4 of the PERK signaling pathway, p90ATF6 and p50ATF6 of the ATF6 signaling pathway) were analyzed using western blotting and RT-qPCR. GRP78 (226.38±80.20 vs. 1±0.34; P=0.006), XBP1s (21.95±11.98 vs. 1±0.048; P=0.0198), XBP1u (9.19±2.84 vs. 1±0.02; P=0.0052), ATF4 (3.12±1.12 vs. 1±0.15; P=0.0155) and p90ATF6 (1.44±0.10 vs. 1±0.004; P=0.0017) protein expression levels were significantly increased in TG-treated HT29 cells compared with the control group, and TG treatment successfully induced the phosphorylation of eIF2α (6.20±1.18 vs. 1±0.030; P<0.0001; Fig. 5A-C) . In TG-treated HCT116 cells, the expression levels of GRP78 (9.00±4.55 vs. 1±0.023; P=0.0195), XBP1s (13.89±1.70 vs. 1±0.07; P=0.00031), XBP1u (1.84±0.53 vs. 1±0.015; P=0.024), ATF4 (3.55±0.66 vs. 1±0.15; P=0.0017), p90ATF6 (1.56±0.024 vs. 1±0.004; P<0.0001), p50ATF6 (1.63±0.018 vs. 1±0.003; P<0.0001) and phosphorylated eIF2α (3.83±0.25 vs. 1±0.017; P<0.0001) were increased compared with the control group ( Fig. 5A-C) . In TG-treated SW1116 cells, the expression level of GRP78 (5.75±1.93 vs. 1±0.028; P=0.008) was significantly increased compared with the control group ( Fig. 5A-C) . In TG-treated SW620 cells, the expression levels of GRP78 (3.19±1.46 vs. 1±0.094; P=0.029), p90ATF6 (3.47±0.53 vs. 1±0.026; P=0.0013) and p50ATF6 (1.29±0.017 vs. 1±0.007; P<0.0001) were significantly increased compared with the control group ( Fig. 5A-C) .
Following TG treatment, GRP78 mRNA expression levels were significantly increased in HT29, HCT116, SW1116 and SW620 cells (5.41±0.48, 6.32±1.06, 4.92±0.84 and 1.97±0.25, respectively; P<0.0001) compared with the control group (Fig. 5D ). XBP1 mRNA expression levels were significantly increased in HT29 (1.73±0.08 vs. 1±0.096; P=0.081) and HCT116 (2.04±0.49 vs. 1±0.05; P=0.0034) cells compared with the control group (Fig. 5E ) and ATF4 mRNA expression levels were significantly increased in HT29 (3.59±0.45 vs. 1±0.1; P=0.0008), HCT116 (9.53±1.46 vs. 1±0.084; P<0.0001) and SW1116 (2.82±0.17 vs. 1±0.053; P=0.026) cells compared with the control group (Fig. 5F ). These findings indicated that TG may induce the activation of the IRE1 and PERK UPR signaling pathways in HT29 and HCT116 cells; however, TG cannot induce the activation of these two signaling pathways in SW1116 and SW620 cells. Thus, it is hypothesized that TG-induced MALAT1 overexpression may be associated with the IRE1 and PERK signaling pathways.
Effects of UPR signaling pathway inhibitors on MALAT1 expression.
To further confirm the hypothesis, the UPR signaling pathway inhibitors 4 µ8C (IRE1 pathway inhibitor), GSK2606414 (PERK pathway inhibitor) and AEBSF (ATF6 pathway inhibitor) were used to inhibit the activation of their respective signaling pathways. HCT116 cell were selected to carry out the rescue experiment because the IRE1, PERK and ATF6 signaling pathways were activated by TG (Fig. 5 ). TG-induced MALAT1 overexpression was significantly inhibited by 4µ8C [6.79±0.072 (control and TG + ) vs. 3.57±0.16 (4 µ8C and TG + ); P<0.0001] and GSK2606414 [6.79±0.072 (control and TG + ) vs. 3.24±0.21 (GSK2606414 and TG + ); P<0.0001], but not by AEBSF [6.79±0.072 (control and TG + ) vs. 8.45±1.56 (AEBSF and TG + ); P<0.05; Fig. 6A ]. These data indicated that TG-induced MALAT1 expression was associated with the IRE1 and PERK signaling pathways. To further analyze the molecular mechanisms of MALAT1 upregulation, the binding sites of XBP1 and ATF4, two transcription factors, were determined. The binding sites sequences of XBP1 and ATF4 were identified using the JASPAR 2018 database (http://jaspar. genereg.net/) and presented as position frequency matrices in humans ( Fig. 6B and C) . The promoter of MALAT1 was predicted by FPROM data sites (18), with 5 promoter regions (Fig. 6D) predicted. Near the promoter regions of MALAT1, three binding sites for XBP1 and one ATF4 binding site were successfully predicted (Fig. 6D ).
Correlation analysis between XBP1, ATF4 and MALAT1
mRNA expression levels in patients with CRC. XBP1, ATF4 and MALAT1 mRNA expression levels were detected by RT-qPCR and the correlation between the genes was analyzed using Spearman's rank correlation coefficient. The expression of lncRNA MALAT1 was positively correlated with XBP1 Protein expression levels of GRP78, XBP1s, XBP1u, ATF4, p90ATF6 and p50ATF6 were semi-quantified and the data was normalized to the loading control β-actin. Data are presented as the mean ± SD. (C) Expression levels of phosphorylated eIF2α were semi-quantified and the data was normalized to total eIF2α expression levels. Data are presented as the mean ± SD. (D-F) Following 24-h treatment with 0.01 µM TG, (D) GRP78, (E) XBP1 and (F) ATF4 mRNA expression levels were detected by reverse transcription quantitative-PCR. The ratios of GRP78/GAPDH, XBP1/GAPDH and ATF4/GAPDH were presented as induction (n-fold) relative to the control. Data are presented as the mean ± SD. * P<0.05. GRP78, glucose regulated protein 78; XBP1, X-box-binding protein 1; ATF, activating transcription factor; eIF2α, α-subunit of eukaryotic initiation factor-2; TG, thapsigargin; CRC, colorectal cancer.
(R 2 =0.79; P<0.0001; Fig. 7A ) and ATF4 (R 2 =0.57; P<0.0001; Fig. 7B ) in CRC tissue samples. Thus, the relationship between MALAT1 expression and ER stress was further verified.
The overall activation of the ER stress pathway in the four CRC cell lines was summarized in a schematic diagram ( Fig. 8A ) and the hypothesized mechanism of TG-induced increases in lncRNA MALAT1 expression levels is presented in Fig. 8B .
Discussion
In the present study, it was demonstrated that: i) Low dose TG induced migration in HT29 and HCT116 cells, but not SW1116 and SW620 cells, the effect of which was linked to the enhanced expression levels of MALAT1; ii) the knockdown of MALAT1 using siRNA reversed this TG-induced promotion of cell migration; iii) TG-induced MALAT1 expression was associated with the activation of the IRE1/XBP1 and PERK/eIF2α/ATF4 signaling pathways; and iv) the XBP1 and ATF4 binding sites were found within MALAT1 gene promoter regions. To the best of our knowledge, this study was the first to report that lncRNA MALAT1 expression levels were regulated by the IRE1 signaling pathway of the UPR in CRC.
The ER stress activation and the unfolded protein response (UPR) triggers, response to cancer cellular stress conditions including glucose deprivation, hypoxia, proteins folding and secretion of proteins, the denouement is either the restoration of homeostasis or cell death (19) . Some studies ascertained that ER stress was correction with CRC progression. ER stress-related ATF6 upregulated cancerous inhibitor of protein phosphatase 2A contributing to poor prognosis of colon cancer (20) . ATF6 induced intestinal dysbiosis to promote colorectal tumorigenesis through innate immune response (21) .
The oncogenic roles of XBP1 in CRC and other types of cancer have been reported in numerous studies; the activation of the IRE1/XBP1 pathway induced cell proliferation and invasion in CRC (3), whereby XBP1 was demonstrated to promote (D) MALAT1 promoter regions (gray frame; predicted by FPROM data sites) and binding sites of XBP1 (orange frame) and ATF4 (black frame) are presented. UPR, unfolded protein response; MALAT1, metastasis-associated lung adenocarcinoma transcript 1; IRE1, inositol-requiring enzyme 1; XBP1, X-box-binding protein 1; PERK, protein kinase R (PKR)-like ER kinase; eIF2α, α-subunit of eukaryotic initiation factor-2; ATF, activating transcription factor. CRC invasion through VEGFR2 (22) . In prostate cancer, the IRE1/XBP1 signaling pathway promoted carcinogenesis by activating c-Myc signaling (23); in oral squamous cell carcinoma, XBP1 promoted cancer invasion and it was associated with poor prognosis (24) ; in breast cancer, the expression levels of XBP1s in the nucleus were correlated with shorter survival (25) ; whereas in ovarian cancer, the IRE1/XBP1 signaling pathway controlled T-cell functions, thus, mediating ER stress or targeting the IRE1/XBP1 pathway may restore the antitumor ability of T-cells (26) . In addition, XBP1 positively regulated the cytolytic activity of human natural killer cells against leukemia cells (27) ; in hepatocellular carcinoma, the IRE1/XBP1 pathway controlled the expression of interleukin-6 (IL-6) and promoted hepatocarcinoma progression (28) ; and in oropharyngeal carcinoma without papillomavirus, the IRE1/XBP1 pathway induced resistance to radiotherapy by mediating IL-6 production (29). Thus, the transcription factor XBP1 may be a potential target to mediate tumor immunology and block cancer progression.
ATF4 has been observed to serve important roles in ER stress-induced apoptosis (30) and radiotherapy (31) or chemotherapy sensitivity (32) . In CRC cells, the activation of the PERK/ATF4 signaling pathway promoted resistance to 5-fluorouracil (33) and increased expression levels of ATF4 were associated with glucose deprivation-induced chemoresistance (34) . In prostate cancer, ATF4 protein expression levels were increased in the cancer tissue compared with benign prostate tissue (35) and similarly, in breast cancer, ATF4 expression levels were increased in HER2 + breast cancer, which promoted cell migration through the activation of zinc finger E-box binding homeobox 1 (ZEB1) and the downregulation of E-cadherin (36) . ATF4 was associated with cell cycle progression in estrogen receptor negative breast cancer, which was due to its regulation over the GSK3β/β-catenin/cyclin D1 pathway (37) . Thus, suggesting that the transcription factor ATF4 may be associated with cancer progression through regulation of the cell cycle and cell migration.
Overall, the results of the present study indicated that low dose TG may promote CRC cell migration by upregulating the expression levels of lncRNA MALAT1; and the TG-induced increased expression levels of MALAT1 were associated with the activation of the IRE1/XBP1 and PERK/eIF2α/ATF4 signaling pathways. The XBP1 and ATF4 binding sites were predicted to be located in the MALAT1 gene promoter regions; however, the direct interaction between MALAT1 and XBP1 or ATF4 was not verified in this study and will require further investigation in the future. In conclusion, ER stress may provide reasoning for the upregulated MALAT1 expression and metastasis observed in CRC, and ER stress-associated genes, especially XBP1 and ATF4, may represent potential targets for controlling metastasis in CRC.
